We theoretically investigate the phenomenon of voltage-controlled intracavity electromagnetically induced transparency with asymmetric double quantum dot system. The impact of voltage on frequency pulling and cavity linewidth narrowing are discussed. The linewidth and position of the cavity transmission can be engineered by the bias voltage. The scheme may be useful in integrated electro-optical device in quantum information process.
Intrigued by these studies, in this paper we combine asymmetric QDM sample with optical resonator and theoretically describe the phenomenon of an intracavity-induced transparency controlled by voltage. When a QDM sample is placed inside an optical resonator, the cavity field can couple its interband transition. In the presence of the bias voltage, the interdot tunneling is enhanced, which affects its optical property. Then voltage-controlled tunneling replace pump laser coupling the interdot transition, and the two transitions consist of an EIT configuration [16] .
Therefore, we can control the intracavity EIT by voltage, which results in frequency pulling and cavity-linewidth narrowing. The asymmetric QDM can be simplified as the model in Fig. 1(a) .
The ground state |0 is the system without excitation and the exciton state |1 has a pair electron and hole bound in the first dot. The indirect exciton state |2 contains one hole in the first dot and an electron in the second dot, and it is coupled with |1 by the electron tunneling. A probe field couples |0 ↔ |1 transition with Rabi frequency g = −µ 10 E p /2 , where the electric dipole moment µ 10 denotes the coupling to the radiation field of the excitonic transition, and E p is the amplitude of the probe field.
According to the standard procedure [31] , we get the dynamical equations of the QDM sample in the interaction picture and in the rotating wave approximation: ρ 00 = γ 10 ρ 11 + γ 20 ρ 22 + ig(ρ 01 − ρ 10 ), ρ 11 = −γ 10 ρ 11 + iT e (ρ 12 − ρ 21 ) + ig(ρ 10 − ρ 01 ), 21 − iT e ρ 10 ,
together with ρ * k j = ρ jk and the closure relation j ρ j j = 1 ( j, k ∈ {0, 1, 2}). Here γ jk is lifetime broadening linewidth, and Γ jk is dephasing broadening linewidth which is usually the dominant mechanism and can be controlled by adjusting barrier thickness in QDM. The detuning ∆ = ω 01 − ω p and the energy difference ω 12 = ω 02 − ω 01 . T e is the electron-tunneling matrix element. In the following, all parameters are scaled by Γ 10 , which is about in the order of meV for (In,Ga)As/GaAs [16, 18] .
Consider the QDM system being initially in the ground state |0 , ρ [19] :
where T e and ω 12 can be simply tuned with bias voltage [17] . It is easy to see that, when the probe field detuning is zero (∆ = 0) and the bia voltage turns off (T e = 0), the real part of the linear susceptibility χ ′ is zero but its image part still exists (χ ′′ 0). It indicates there is a big absorption around the resonance frequency ω 01 , so the probe field is absorbed. When the tunneling T e increases, EIT arises and a transparency window appears at the position where χ ′′ is zero [19] , which requires ∆ ≈ ω 12 according to the material parameters in Ref. [33] . It means that the position of the transparency window varys with ω 12 . This provides the feasibility of engineering the QDM response at different frequencies simply by modulating the bias voltage.
Here, we consider an optical ring cavity of length L with an asymmetric QDM sample of length l. The real part χ ′ of the susceptibility of the medium brings dispersion and additional phase shift, and the imaginary part χ ′′ introduces absorption leading to the attenuation of the field's amplification. When an empty cavity resonance frequency ω c is near to the EIT frequency ω 01 of the QDM, the resonance frequency ω r of the cavity+QDM system is governed by [8] 
where 
To a given system, the dispersion strongly depends on the tunneling. Without the QDM sample, the resonance frequency is the empty-cavity frequency. When the QDM sample is placed in the resonator and the tunneling turns on, ω r is pulled strongly to ω 01 . By changing the bias voltage, the tunneling could be enhanced or suppressed, which leads to different degree of frequency pulling.
This pulling effect can be represented quantitatively by the stabilization coefficient ξ. To get a better frequency-stabilization effect, we just need to tune the bias voltage to a proper value.
It is instructive to examine the modified cavity linewidth [8] 
It is easy to see that the cavity linewidth is reversely proportional to the dispersion. Different tunneling controlled by bias voltage leads to different dispersion in transparency window, then different linewidths of cavity transmissions can be achieved. Figure 2 shows the cavity transmission under different conditions and all parameters are scaled by Γ 10 for simplicity. Empty cavity transmission is plotted in Fig. 2(a) . When the asymmetric QDM sample is embedded in the cavity but the bias voltage turns off, the QDM sample can be considered as two-level system, then the probe field is absorbed [see Fig. 2(b) ]. Whereas, if the bias voltage turns on, the tunneling increases and the QDM sample becomes an EIT system. So we get a narrow transmission peak [see Fig. 2(c) ]. Here, the bias voltage replaces the pump field coupling the interdot transition and EIT occurs in the asymmetric QDM sample. Larger dispersion appears in the transparency window and it much narrow the cavity transmission. Since the cavity linewidth is inverse to the dispersion around the transparency window, when the dispersion decreases by tuning the bias voltage, the cavity transmission becomes broad [see Fig. 2(e) ]. Then we achieve the voltage-controlled intracavity EIT. Moreover, the narrow transmission peak shifts with the variation of ω 12 [see Fig. 2(d) ], which can also be simply controlled by the bias voltage.
That is to say that we can engineer the cavity response by the QMD sample at a broad frequency range.
Also, we present a 3D demonstration of the variation of the dispersion with T e and Γ 10 in Fig. 3 .
It shows that the dispersion changes with T e in different QDM vary widely. When the decoherence (Γ 10 ) is small, fine-tuning voltage in the magnitude range 0 ∼ 0.5 leads to the dramatic change of the dispersion. While, to a QDM sample with large decoherence, this change tends to gentle . Then, as required, we can prepare an appropriate QDM sample or control its decoherence by tuning its temperature.
Experimentlly the self-assembled lateral QDM can be grown by molecule beam epitaxy combing with in situ atomic layer precise etching [32] . In the following calculation, the material parameters consult Ref. [19, 33] . The surface density is 4 × 10 10 cm −2 with the optical confinement factor Γ = 6 × 10 −3 . The laser wavelength is 1.36µm and |µ 10 |/e = 21Å. The linewidth value for Γ 10 are 6.6 µev and Γ 20 = 10 −4 Γ 10 . At T e = 0.01, the calculated dispersion from Eq. (5) is -4.5×10 3 , which means we could get the cavity-linewidth narrowing factor of 10 3 . This may be useful in weak-electricity-controlled high-resolution spectroscopy and laser frequency stabilization. What's more, when the bias voltage turns on / off, the probe field transmits / is absorbed.
This may be used to measure small electric field and also as an electro-optic switch.
In conclusion, we theoretically discussed the effect of voltage-controlled EIT to a resonator with the asymmetric QDM sample. Frequency pulling and cavity-linewidth narrowing are dis- 
